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SUMMARY:

Cyanobacteria, Spirulina maxima as a biogenerative photosynthetic and
an edible alga for the space craft crew in a CELSS, was evaluated in an

effort to increase the growth rate, biomass, yield, and chemical analysis in
continuous cultures. The cell characteristics were determined for cultures
maintained at steady state with respect to the substrate concentration.

The productivity increased in experiments exposed to low light (30 uE m-

25-1). Oxygen evolved and protein production were higher in cultures
exposed to low light intensity. There was a relationship between nitrate
concentration and the yield of the culture. Increasing the concentration of
nitrate in the growth medium up to 20 mM was enough to produce a
culture having the same chemical composition as that of complete medium.
High light was inhibiting the yield of the culture. Increasing the
concentration of phosphate beyond 1mM did not improve the yield of the
culture. Increasing the concentration of sodium chloride in the growth
medium did not affect the growth of the alga up to 0.1M but beyond that
the culture started to be stressed. The response to stress appeared in high
production of total carbohydrate on the expense of protein production. The
oxygen production was also higher in cultures stressed with sodium
chloride.
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INTRODUCTION AND BACKGROUND:

Pursuit of our national goals in space will eventuallu require man's
longduration tenancy of celestial vehicles and planetary bases.
Requirments for life support could be met through expenditure of
stored supplies and by regeneration and reuse of the waste products
of human metabolism. The logistics necessary for regeneration for
extended space missions are well documented.

The use of biological components Controlied Ecological Life Support
System (CELSS) program as subsystems for the revitalization of air,
waste processing, and for the production of food has been proposed
for the long term-space flight(MacElroy, Bredt, 1985). Studies of
biogenerative life support systems for use in space indicated that
they are scientifically feasible. Support of a crew in space, whether
in an orbiter or on the surface of a planetary body requires that
oxygen, potable water and food be supplied and that waste material
be removed. Employment of photosynthetic organisms (higher
plansts, green algae, cyanobacteria) allows biomass production from
relatively simple componants which are readily recycled in a CELSS
system, namely carbon dioxide, minerals (NO3-, P04 -3, K+, Na+, etc.)
and micronutrients.

The primary source of all man's food and organic raw mateials is
solar energy. Conventional food soruces consist of higher plants and
animals. Unconventional food sources for human consumption are
photosynthetic algae and bacteria and non-photosynthetic bacteris,
yeasts and fungi. Conventional food sources are highly palatable, but
require a long time to produce. The photosynthetic energy efficiency
of higher plants is less than 3%. Algae, on the other hand, grow
rapidly; their metabolism can be controlled; they produce a high
ratio of edible to nonedible biomass; and their gas-exchange
characterisitics are compatable with human requiremnts. In many
respects, algae would be ideal plant components for a biologically-
based Closed Life Support System, since they are eminently suited
to the closely coupled funtions of food production and atmosphere
regeneration.

The semi-microscopic blue-green algae (Cynobacteria: Spirulina)
occupy a unique taxonomic position, since they combine an
autorophic mode of growth which is common to eukaryotic plant



cells with a metabolic suytem generally regarded as bacterial, rater
than plant-like.

Photosynthetic efficiency is fundamentally important in both
technological exploitation of photosynthesis and in decidign the
mloecular mechanism whereby light energy is converted to chemical
energy. The continous culture of photosynthetic cells provides the
key to control over the growth conditions including the growth rate
and growth limiting factor elucidation of how these conditions
influence the photosynthetic systems in the cells (Pirt, 1983).
Photosynthetic efficiency can be expressed as the ration of free
energy of the biomass produced: the amount of light energy absorbed
or the number of Photons (hv) required per mol 02 released or COZ2
assimilated. The efficiency of photosynthesis is simply the rate by
which chemical energy is stored in organic biomass divided by the
supply rate of available light energy (Pirt, 1980). Pirt recommends
that efficiencies be measured in growing cultures rather than by
short term 02 evolution.

The photosynthetic effeciency (PE) is an expression of the growth
yield from the energy source, light. Growth yeild (Y) is defined as
the biomass formed by light absorbed, and if K is the caloric value of
the biomass, we have PE = KY. Increasing the efficiency of the yeild
of algal culturing in bioregenerative Life Support System, is one of
the primary concerns of a CELSS.

In order to design and operate such a culture system, it is necessary
to understand how the macroparameters of a culture system, e.g.,
productivity and efficiency are related to the physiological aspects
of the algal culture.

Growth characteristics, as well as changes in partitioning, are
needed to establish a data base for the intergration of algal cultures
into a CELSS program. This background could be obtained from
studying the cyanobacteria: Spirulina maxima in batch and

continuous cultures.

The results of continuous culture have been described partially in
1990 and this year 1993, reports ( Tadros, 1990,1993).



Objectives:

To evaluate the efficiency of the cyanobacteria: Spirulina maxima
for the biomass, in response to changes in growth conditions such
as, substrate concentrations, in steady state

Significance:

Defining optimum growth conditions for high efficiency of the alga
when used for regenerating sources needded for CELSS.

Development of CELSS relies; in part, on the ability to manipulate
and control the organisms which are part of the system.

Biological regeneration of supplies consumed in CELSS.
Direct utilization of algae in space craft crew diet.

This project began in October 1990. The accomplishments during the
period from October 1990 to February,1993 are described in this
report.

Material And Methods

Culturing:

Organism: Cyanobacteria Spirulina maxima
(UTEX LB 2342) was obtained from utex Algal Collection.

Growth Medium: Zarrouk medium (1966) was used for growth media.

Contamination: The standard plate-count method was used to
determine the numer of bacteris present in the culture. Aliquots
were plated using a bent glass rod onan agar medium, which is
prepared from Zarrouk (1966) medium enriched with the following
ingredients:

Tryptone glucose yeast agar: Tryptone, 5.0; Yeast extract, 2.5g;
Glucose, 1.0g; Agar, 15.0g; in 1L distilled water, pH 7.

0.1 ml filtrate was spread on the agar surface and incubated. Colonies
were counted, dilution was made when necessary. Plates were



incubated at 30° C and counted after 48 hours or longer to detect all
organisms.

Purification of spirulina culture: The original cultures of Spirulina

were contaminated with bacteria. Different procedures were used to
purify the cultures. However, the following procedure was the most
successful one:

Cells were collected, filtered with 8mm filter (Gelman), washed with
basal medium and homogenized. Cells were spread in a plate,
exposed to UV 5 min ( 20 W UV lamp, 30 cm distance) and
inoculated in test tube cultures containing the basal tubes, 10 tubes
were bacteria free.

Apparatus:
BRL's Airlift Fermenter was used for this project. (Tadros, 1990)

Two peristaltic pumps were used; one for feeding the fermenter with
fresh medium, the second for removal of the overflow. The system
was provided with ph controlling system. The ph of the medium
remained almost unchanged at 9.3 to 9.4 in all systems by using 4N
Sodium hydroxide or IN HCL. The temperature of the cultures was
maintained at 359 ¢

Preculture:

A batch cultures was kept parallel to fermenter, used for inoculating
the reactor. The alga was precultured in small bottles (250 ml
capacity) containing 100 medium at 35°C for 4 to 5 days. The
cultures were illuminated with flourescent tubes at the intensity
similar to that of the experiment. The aeration mixture as well was
similar to that of the fermenter.  The temperture was 35°C.

A continous culture 1s' a constant-volume cell culture system in_ wluch
the rate of cell growth is controlled by the dilution rate of a nutrient-

~ limited solution. The constant volume was maintained by ensuring

that the rate of culture outf]ow ‘equalled _the 1nflow rate of the fresh

~ medium. When steady- state condltlons were reached, there existed
a constant cell number and biomass within the vessel since the

specific growth rate equalled the dllutlon rate. The medium was




kept refrigerated to avoid contamination. Steril medium was
pumped from a reservior into the vessel by a peristaltic pump.

The outflow from the culture was collected in sterile botles plugged
with sterile cotton wool filters. The culture was assumed to be in
steady state when the cell concentration remined constant for at
least 96 hr. after the initial flow rate was adjusted.

In steady state culture:

Dilution rate (D)=F/V where F= inflow rate (milliliters per hour) and
V is culture volume (milliliters).

D= growth rate

Analysis and Calculations:

The following parameters were measured for the culture after it had
reached its steady- state:

Harvesting of Cells: Cells were collected by filtration using filter
paper 10mm pore size (Gelman). Cells were washed with buffer
solution (pH 8), diluted to known volume and pricessed for further
analysis.

Triplicate samples of the algal suspension were taken for each
determination. The mean value of these triplicates was recorded.
The following determination were carried out:

Total Chlorophyll: An aliquot from the culture was centrifuged for
2min. at 2000g. The precipitate was suspended in 5ml methanol for

Smin in a water bath at 70° C, and thereafter centrifuged. The
optical density of the supernatant was determined at 655nm.

Dry Weight Measurements (DW); A volume from the culture was

filtered through a filter 10mm pore size, dried in previously dried,
pre-weighed filter paper for 4 h at 80° C, and then weighed after
cooling in a desiccator.

Ash-Free Dry Weight (AFDW): After recording the dryweight, the
dried cells were ashed at 500°C for 2 hrs. Then the ash wt. was
recorded. The difference between dry weight and ash weight gave
the organic weight of the sample.

Total Carbohydrates: The antrone sulphuric acid method was
followed (Strickland, Pearson, 1972). The principle of this method is



the formation of a blue-green color which is the product by acid
decomposition of the sugar. The antrone reagent consist of 0.2g
anthrone, 8ml ethyl alcohol, 10ml distilled water. Ten ml of the
anthrone reagent was added to one ml of algal suspension
(containing known weight of alga), heated in a water bath for seven
minutes and cooled.

The blue-green color was measured by a spectrophotometer at
wavelengh of 620nm. The value of the reading was calted as micro-
grams of glucose from a standard curve for glucose which had been
prepared by the same method.

[otal lipids: Cellular lipids were solubilized by repeated extraction
with methanol and methanol-chloroform (1: 1), then phase separated
after adjustment of the solvent ratios to 10:9:9
(methanol:choloroform:water, v/v) (Bligh and Dyer 1959). The
chloroform phase was collected, evaporated to dryness under N,, and
the weight of the lipid extract divided by the ash free dry weight of
the original sample.

in j . One ml of algal suspension
containing a given weight was digested in a Kjeldahl digestion flask
containing 0.3g selenium mixture and one ml sulfuric acid. When the
contents became colorless, they were transferred to the Kjeldahl
apparatus with 10ml of 50% sodium hydroxide solution. A strong
current of steam in a 100ml flask containing Sml of 2% boric acid
solution and 4 drops of indicator. The indicator was composed of
0.016g methyl red and 0.83g bromocresol green in 100ml of alcohol.
The distillate in the boric acid solution was back titrated with 0.1 M
sulpuric acid, until the color of the indicator turned plae pink. A
blank sample was done for each series of nitrogen estimation, using
D.W. The value of the reading was calculated in ug N, from a standard
curve for nitrogen source as ammonium sulfate, which had been
treated by the same method. Total potein was calculated from total N
X 6.25.

[otal Phosphorus; The supernatant residue (after evaporation) and
algal residue, was heated with perchloric acid to liberate phosphours

as inorganic phosphorus (Strickland and Parsons, 1972). The
principle of this method was that the phosphorus reacts with
ammonium paramolybdate to form the blue molybdophosphate
complex, the absorbance of which is measured with a
spectrophotometer at 840-880 nm against an appropriate blank. The



reading of sample was calculated from the standard curve prepared
by using KH,PO,.

Elemental Analysis:

Algal sample were analyzed for carbon, hydrogen and nitrogen by
Galbraith Laboratories, Inc., Tennessee. The oxygen content of the
ash-free biomass was determined by the difference after
substraction of the C, H, and N contents. Perkin-Elmer 2400
Elemental Analyzer was used for the analysis. Values of analysis
were reported as percentage of weight.

All of the above analytical data were related to the organic weight of
the algae. All tests were performed in triplicate.

Light incident and absorbed by the culture was measured with aLi
Cor Li - 185 Quantm sensor probe (unit = uE m2 s'1).

Measurments of optical density within the main culture were also
taken by measuring light (I) transmitted through the culture and

light incident (Io) on the culture. Log I/ (optical density) correlated
very well with dry weight.

Absorbed light by the culture:

Volume of culture (Fermente) = 2000 ml

Illuminated area = 528 cm?

( Area of fermenter exposed to light irradiation)

a/v = ratio of illuminated area (a) to culture volume (v).

Ia (absorbed light) = Intensity of light incident on culture - Intensity
of light out of culture

Ia x a/v = absorbed light by culture
M rment of Oxygen Evoluti

Samples were taken from the fermente and evaluated for oxygen
production using a Clark-Oxygen electrode. Oxygen evolution was

7



measured under the same conditions of the fermenter. Oxygen
evolved was recorded.

Productivity: (g/h)

Productivity is defined as the product of dry weight (g/1) of the
culture and the oveflow rate (I/h).

i fficien

Light efficiency was calculated using the absorbed light intensity
(cal/cm2/1) and biomass productivity, converted from g/h to cal/h
using heat of combustion.

[OW ield:

Yields are grams of dry algae per unit illuminated surface area and
per unit total culture volume.

Efficiency:

Over-all conversion of electrical energy into algal cells: percent
efficiency is based on heat of combution.

Heat of combustion:

The heat of combustion of the culture was calculated from the
elemental compostion using the empirical formula according to
Fontes et al. (1989).



EXPERIMENTAL DESIGN:

I. Growth Characteristics Of Spirulina Maintained In
Complete Growth Medium, At Steady State.

Experiments were incubated in two light intensities 30 and 100 uE
-2 -1
m-< s 1.

II. Growth Characteristics Of Spirulina Maintained In
Growth Medium Of Different Concentrations Of Nitrate-
Nitrogen, At Steady State.

Experiments were incubated in two light intensities 30 and 100 uE
-2 ¢-1
m-4s" 1.

III. Growth Characteristics Of Spirulina Maintained In
Growth Medium Of Different Concentrations Of Phosphate-
Phosphorus, At Steady State.

Experiments were incubated in two light intensities 30 and 100 uE
-2 5-1 '
m-—< s 1.

IV. Growth Characteristics of Spirulina Maintained in
Growth Medium of Different Concentrations Of sodium
chloride, at steady state.

Experiments were incubated in two light intensities 30 and 100 uE
-2 -1
m-< st



RESULTS And DISCUSSION:

I. Growth Characteristics Of Spirulina Maintained In
Complete Growth Medium, At Steady State.

Results are presented in Table 1 and 2 and Figures 1, 2, and 3.

- The dilution rate was almost stable, (Figure 1a and 2a) in the
control growth medium (30 mM Nitrate-N) in both light intensities,
however the dilution rate was higher in culture exposed to high light

(100 vE m2 S-1),

. The total dry weight was higher in cultures exposed to low light
intensity (Figure la) than to cultures exposed to high light intensity
(Figure 2Db).

. The total uptake of nitrogen and phosphorus is the same in both
experiments.

. The chemical composition of both cultures is represented in (Figure
3a and b) The total protein was lowered by increasing the light

intensity (Figure 3b).

. The oxygen evolved by the culture was higher in low light than in
high light (Table 1 and 2).

10
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II. Growth Characheristics Of Spirulina Maintained In
Growth Medium Of Different Concentrations Of Nitrate-
Nitrogen, At Steady State.

Results are presented in Tables 3 and 4, and Figures 4, 5, and 6.

. Increasing the concentration of nitrate-nitrogen did not effect the
dilution rate or dry weight (Figure 4a and 4b). The nitrogen and
phosporus uptake were also lowered with increasing the nitrate
concentration.

. At high light intensity (100 uE m-2 s-1) the dilution rate was higher
than low light intensity (30 uE m-2 s-1) (compare figure 4a and 5a).

. Increasing the concentration of nitrate-N beyond 10mM, leads to
bleaching the culture.

. The uptake of nitrate per ml was high in case of low light intensity
than that of high light intensity (Fig 4b and 5b).

. The total protein was increased with increasing the concentration of
nitrate-N in low and high light intensity (Figure 6a and 6b)
Increasing the light intensity inhibited the growth of the culture
beyond 10mM nitrate (Figure 6b).

. The total oxygen increased with increasing the nitrate concentration
(Table 3 and 4).
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FIGURE 6: Chemical Composition Of Spirulina maxima Maintained In
Growth Medium Of Different Concentrations Of Nitrate-Nitrogen, In
Steady State Cultures (Light Intensity,30 uE m-2 s-1, 6a; 100 uE m-2
s-1, 6b).
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III. Growth Characteristics of Spirulina Maintained
Concentrations Of Growth Media Of Different Concentrations
Of Phosphate-Phosporus, At Steady State.

Results are presented in Table 5 and Figures 7 and 8.

. The dilution rate decreased with increasing the concentration of
phosphate (Figure 7a).

. The nitrogen uptake decreased with increasing the dilution rate or
increasing the dry weight (Figure 7a and 7b). However the
phosphorus uptake increased with the dilution rate and the dry
weight (Figure 7c and 7d).

. Increasing the concentration beyond 1mM did not improve the
growth of the culture.

. The chemical composition of the culture was enhanced by
decreasing the phosphate to 0.ImM (Figure 8).

. The evolved oxygen was somewhat higher in cultures treated with
0.5mM than in cultures treated with 0.1mM.
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FIGURE 7: Growth Characteristics Of Spirulina_maxima Maintained
hate, In Steady State Cultures
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(Light Intensity, 30 uE m-2 s-1).
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IV. Growth Characteristics Of Spirulina Maintained In
Growth Medium Of Different Concentrations Of Sodium
Chloride At Steady-State.

Results are presented in Table 6 and 7 and Figures 9,10, and 11.

. The total nitrogen uptake and dry weight increased with decreasing
dilution rate and with increasing the concentration of Sodium Choride
up to 0.5M and started to decrease (Figures 9a and 9b).

. Cultures grown in high light intensity (Figure 10), showed a
decrease in nitrogen uptake and dry weight. It should be mentioned
that increasing the concentration of Sodium Chloride beyond 0.2 M
was detrimental to the culture.

. The chemical composition of the culture showed a decrease in the
amount of total protein while increase in the total carbohydrate
(Figure 11a). Increasing the light intensity did not affect the total
carbohydrate too much (Figure 11b). It should be mentioned that the
cultures were deteriorated in high light intensity especially when the
concentration of sodium chloride was increased.
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FIGURE 11: Chemical Composition Of Spirulina maxima Maintained In
Different Concentrations Of Sodium Chloride, In Steady State Cultures
(Light Intensity, 30 uE m-2 s-1, 11a; 100 uE m-2 s-1 11b).

29



0€

51 £
1L 05
0g LE
s 9

1bagBiy (B
aeydn Epdn
d N

ob's 12z FEEL 000C 02'Z) L1200 SPZ1'0 GLPL'0 SEL'L L2000 SLZ°0 DIOD S0 S&Eb'0
26 82’8l LGt DOZ1 $5'61 BZEO'0 1HZ1'0 SLPLI'0 92 ZP00'0 L2920 9100 20  DEPO
989 L+ 8505 a5 Eb'81 ZI1ED0 &+Z10 SLPL'0 8F'9 62000 6bZ°0 9100 1’3 0&P'D
YA LB aL'09 006 6L E220°0 SZZ1'0 SLPL0 L099 1000 L5220 2100 OO0 SSHO0
(leos (40 (YW
prdip seaphyogaes uoad  ygme o mp By geo) g1eo) (B QB By D
nye (M)

FAUN VL A BT b BEY

pasrios3 puhs  play paga juap nfyd  fpaly  Hag uot}
(#pye) "y ruebaQ uabfixg 03oyd Ypmoan  0sqy 19U} 04Oy DNpoAd (3oL nLy (W] 0

(I-s 7-w gn Q¢ Ansuayup WSry) saImn) Aers Apeag
uf OpULIO[Y) WRIPOS JO SUONIBIUIIUOD IJUARMIJ JO WRIPIN {IMOID
u] paulejuIRjy TUWIXEW JO sonsuadeiey) YPmoln 9 FIAV.L




(35

09
A
06

lwy/bn 1w/ 6
ayeydn) ayerdn

d

ol
oy

N

oF ¥
E

e

pLdty

96t SL'8y

10,38 4 €20

oLz 6v 0z
33e.4p fyyog.aen LS04

(apyRy e ouebag %

00k Ob b1 PPIO0 89D SEEP0 6247 0L000 OLVD 2600 0020 1020
0L P21z 09S0'0 ZO9E 0 SREF'D 819T 0g100 9220 5600 0010 0870
0L ZF 127 £950°0 LLT 0 SE6FP0 +PEE LEVOD ZEZ0 6SO0 5000 1820

(1EG; (MWD (4w

wag 2 ap BY  j1E0)  s1eo) (BuD (usB) (LB) 4 )

..,,..\m. _“..F._Du
ZO W o9 A VLTS Ty ajey
ponpos3 Wubs  pans,  pagd jusp Lfyd ey fug o
usbfixg 0J04d YiM04Q  ©3Qy LU 04oy] Shpodd  jol PRI b a0

(I-s 7-w gn QO Awsuaiyp 1yY3r) saumn)y AeIg Kpeairg

u] OpLIO[YD WNIPOS JO SUCHIEIUIIUOD IUARJIQ JO WNIPSN YIMOID
uj paurejurely eunxew eurnudg JO sonsueRIey) Wmold L SIQEL



CONCLUSIONS:

In terms of nutrient effect and light interaction

. The productivity increased in experiments exposed to low light (30
uE m‘2s‘1)

. Oxygen evolved and protein production were higher in cultures
exposed to low light intensity

. There was a relationship between nitrate concentration and the
yield of the culture. Increasing the concentration of nitrate in the
growth medium up to 20 mM was enough to produce a culture
having the same chemical composition as that of complete medium.
High light was inhibiting the yield of the culture.

. Increasing the concentration of phosphate beyond 1mM did not
improve the yield of the culture.

. Increasing the concentration of sodium chloride in the growth
medium did not affect the growth of the alga up to 0.IM but beyond
that the culture started to be stressed. The response to stress
appeared in high production of total carbohydrate on the expense of
protein production. The oxygen production was also higher in
cultures stressed with sodium chloride.
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